We utilized a metal tantalum (Ta) ball-probe to measure the electrical properties of vertical-aligned one-dimensional (1D) nickel-oxide (NiO) nanorods. The 1D NiO nanorods (on average, ,105 nm wide and ,700 nm long) are synthesized using the hot-filament metal-oxide vapor deposition (HFMOVD) technique, and they are cubic phased and have a wide bandgap of 3.68 eV. When the 1D NiO nanorods are arranged in a large-area array in ohmic-contact with the Ta ball-probe, they acted as many parallel resistors. By means of a rigorous calculation, we can easily acquire the average resistance R NR and resistivity r NR of a single NiO nanorod, which were approximately 3.1 3 10 13 V and 4.9 3 10 7 V.cm, respectively. , nanotubes 11, 12 , and nanorods 11, 13 . However, one-dimensional (1D) nanostructures like nanowires and nanorods are more suitable than the other zero-and twodimensional nanostructures for applications in electronic nanodevices. For example, the 1D forms can be used for electrical transmission lines, electrodes and electrical probes. All of this has made the exploration of the electrical properties of these 1D nanostructures very important. However, to the best of our knowledge, there have been only two studies reporting the electrical properties of single 1D NiO nanowires 14, 15 . Clearly, more investigations of the electrical properties of 1D NiO nanostructures are necessary.
R
ecently researchers have become very engrossed in studies of transition metal oxide nanostructures 1 , because of their many unique characteristics. For example, nickel oxide nanostructures possess various outstanding properties, such as a wide bandgap (,3.88 eV) 2 , large specific capacitance (,390 F/g) 3 for supercapacitor electrodes, high-performance discharge capacity (,638 mA h/g) 4 for lithium ion batteries, high carrier density (,7.35 3 10 18 cm 23 ) 5 , rapid switching time (,10 ns) 6 for resistance-based memory, stable endurance (up to 1 3 10 6 cycles) 7 for resistive switching, high photon-to-current conversion efficiency (,45%) for sandwich dye-sensitized solar cells 8 , high catalytic activity (42.3 gm 22 ) for carbon-monoxide oxidation 9 , very fast coloration and bleaching times (1.55 and 1.22 s) 10 for electrochromic devices, and so on. NiO nanostructures can be fabricated in a variety of forms including nanowalls 2, 4 , nanoslices 3 , nanoplates 3 , nanoparticles 5 , nanofilaments 6 , nanowires 7, 11 , nanocolumns 3, 9 , nanotubes 11, 12 , and nanorods 11, 13 . However, one-dimensional (1D) nanostructures like nanowires and nanorods are more suitable than the other zero-and twodimensional nanostructures for applications in electronic nanodevices. For example, the 1D forms can be used for electrical transmission lines, electrodes and electrical probes. All of this has made the exploration of the electrical properties of these 1D nanostructures very important. However, to the best of our knowledge, there have been only two studies reporting the electrical properties of single 1D NiO nanowires 14, 15 . Clearly, more investigations of the electrical properties of 1D NiO nanostructures are necessary.
In this study a tantalum (Ta) ball-probe is utilized as an electrode to make direct contact with the verticalaligned 1D NiO nanorods for measurement of the average electrical properties of single 1D NiO nanorods at room temperature. The current-voltage (I-V) results show the nanocontacts between the Ta-metal ball-probe and the 1D NiO nanorods to be ohmic contacts. Very large currents, up to several hundred milliamperes (mA), are able to pass through the ohmic nanocontacts, without damaging the 1D NiO nanorods. This is because the vertical-aligned 1D NiO nanorods acted as parallel resistors when in contact with the Ta ball probe. Using rigorous calculation, the average resistance R NR and resistivity r NR of a single NiO nanorod can be derived by averaging the number of parallel vertical-aligned 1D NiO nanorods. The average resistance R NR and resistivity r NR are ,3.1 3 10 13 V and 4.9 3 10 7 V.cm, respectively. The large average resistance R NR and large difference in the conductivity at small and relatively high voltages indicate the 1D NiO nanorods to be a good insulator and an excellent candidate for resistance switching devices. The ball-probe technique is a simple and effective method to explore the electrical properties of 1D nanostructures.
Vertical-aligned 1D NiO nanorod (or nanowire) arrays are difficult to synthesize by conventional chemical reaction 2,3,7-9,11 and thermal oxidation deposition techniques large-area arrays of vertical-aligned 1D NiO nanorods using the hot-filament metal-oxide vapor deposition (HFMOVD) technique. This technique has become very important, because it can be used to synthesize a variety of metal-oxide 10, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and metal [27] [28] [29] [30] nanostructures with diverse morphological features and crystalline traits. The 1D NiO nanorods thus produced were then characterized by field-emission scanning electron microscopy (FESEM), energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM), x-ray diffractometry (XRD) and ultravioletvisible spectroscopy.
Results
The FESEM images in the Fig. 1(a) show the top view of a large-area array of 1D NiO nanorods uniformly distributed on a p-type Si wafer. The array contains ,20 nanorods per square micrometer. The high magnification FESEM image in Fig. 1(b) displays the flat and rectangular ends of the 1D NiO nanorods, which are clearly rectangular in shape. Fig. 1(c) 
where w is the width of the nanorod;ŵ (5105.4 6 0.6 nm) is the mean (average) width of various nanorods; A (5480 6 7.5) is the initial constant; and s (50.21 6 0.007) is the standard deviation of the widths of the nanorods. The log-normal distribution of the nanorod widths is asymmetrical. The small standard deviation of the width distribution (s # 0.25) indicates that it is very well confined to a limited width range. The length distribution of the 1D NiO nanorods can be also statistically gathered and fitted by the lognormal distribution function (Fig. S1 , Supporting Information). The statistical histogram in Fig. S1 displays the length distribution of the 1D NiO nanorods. The mean length of the nanorods and the standard deviation of the lengths are 700 6 9 nm and 0.14 6 0.02, respectively. The standard deviation of the lengths is much smaller than that of the widths, implying most of the 1D NiO nanorods to be ,700 nm long. Quantitative analysis of the chemical composition on the surface of the large-area array of 1D NiO nanorods was carried out by EDS. The EDS spectrum shown in Fig. 1(d) indicates that the 1D nanorods are composed of only the elements Ni and O. Note that the Si peak that occurs is due to the Si substrate. The crystalline structure of the 1D NiO nanorods is revealed by the XRD patterns. Fig. 1(e) shows the XRD pattern of 1D nickel oxide (NiO) nanorods. The XRD spectrum indicates that the large-area array of 1D NiO nanorods consists of only face centered cubic (fcc) phase, assigned to the space group Fm 3m with lattice constants a5b5c5 4.1680 Å and a 5 b 5 c 5 90u (JCPDS 47-1049). The diffraction peaks at 2h 5 37.2u, 43.4u, 63.0u, 75.4u, and 79.4u correspond to the (111), (200), (220), (311), and (222) lattice planes, respectively, and agree with the XRD results obtained in previous studies 9, 11, 13 . The TEM images and SAED pattern of a single 1D NiO nanorod (Fig. S2 , Supplemental Information) indicate that the 1D NiO nanorods preferentially grow along the [200] direction. The high-magnification TEM images in Fig. S2 show portions of atomic-resolution lattice planes, taken from the edge regions in the selected areas. Also, the SAED pattern taken from the selected areas, illustrates a set of four-fold symmetric diffraction spots indexed to the [001] zone axis. The reflections in the SAED pattern are consistent with the XRD results, also indicating the 1D NiO nanorods to be comprised of cubic crystals. In addition, the optical properties of the 1D NiO nanorods can be explored using optical absorption spectroscopy. Fig. 1(f) shows that the optical absorption spectrum of 1D NiO nanorods at room temperature on indium tin oxide (ITO). More details of the synthesis and characterization of the 1D NiO nanorod on ITO coated glass substrate is reported previousaly 10 . The high absorbance in the UV region implies that the 1D NiO nanorods possess a wide bandgap. The band gap E g of the 1D NiO nanorods can be determined by using equation 31 ,
where hn is the incident photon energy, a is the absorption coefficient, E g is the band gap of the 1D NiO nanorods, A is a constant, and n is either 2 or K for direct or indirect band transitions, respectively. It has been verified in a previous study 31 that NiO nanostructures have a direct bandgap, so n 5 2 for the 1D NiO nanorods. The inset to Fig. 1 (f) displays a linear graph of the (ahn) 2 versus hu curve, according to Eq. (2). The orange line is used to indicate the fit of the (ahn) 2 vs. hu curve at the absorption edge and is extrapolated to the x axis at hu < 3.68 eV. The extrapolation result indicates that the 1D NiO nanorods possess a wide bandgap of 3.68 eV, which agrees with those obtained in previous studies 13, 31 . The two schematic diagrams in Fig. 2(a) show the two metalsemiconductor junctions to be designated as the Ta/p-Si (the left panel) and the Ta/NiO-NRs/p-Si (the right panel) junctions, respectively, for I-V measurements with the Ta ball-probe. The Ta ballprobe is approached to come into electrical contact with the p-type Si surface or with the free ends of the vertical-aligned 1D NiO nanorods grown on the p-type Si wafer. The resultant I-V characteristics of the two Ta/p-Si and Ta/NiO-NRs/p-Si junctions can be measured directly at room temperature. In fact, many methods, such as, fieldeffect transistors (FET) 32 , contact-mode atomic force microscopy (CM-AFM) 33 , and two/four probe contact techniques 14, 34, 35 , have been used to measure the I-V characteristics of 1D nanorods (or nanowires). These typical methods allow only very small currents of a few microamperes (mA) or nanoamperes (nA) due to the large contact resistance which strongly and considerably affects the experimental result. In contrast to these typical methods, the Ta ball-probe method can offer very large currents up to several hundred milliamperes (mA) and even one ampere. This is because the 1D NiO nanorods in the large-area array act as plentiful parallel resistors in connection with the Ta ball probe. Although each parallel resistor undergoes a small current, all parallel resistors together can bear very large currents. The left and right-hand panels in Fig. 2(b) show schematic diagrams of the electrical circuits corresponding to the Ta/p-Si and the Ta/NiO-NRs/p-Si junctions, respectively, shown in Fig. 2(a) . The resistance (;R Ta/Si ) of the Ta/p-Si junction is equivalent to three resistors in series
where R c is the specific contact resistance between the Ta ball-probe and the p-type Si surface; R Si is the resistance of the p-type Si surface; and R e is the resistance of electrodes. Likewise, the resistance (;R Ta/NR/Si ) of the Ta/NiO-NRs/p-Si junction is equal to a combination of the specific nanocontact resistances (;R nc ) of the Ta ballprobe in contact with a single 1D NiO nanorod, the average resistance (;R NR ) of the a single 1D NiO nanorod, and the two resistances R Si and R e , that is 
where m is the number of parallel 1D NiO nanorods connected with the Ta ball-probe. The FESEM images in Fig. 2 (c) display a Ta ballprobe in contact with the 1D NiO nanorod array. The diameter of the contact area (;A c ) is estimated to be ,100 mm. Hence, the contact area A c (5pr 2 ) is ,7854 mm 2 . The inset to Fig. 2(c) shows a Ta ballprobe with a radius L (<750 mm). The high magnification FESEM image in Fig. 2(d) clearly shows the idea that how the Ta ball-probe was in contact with the large-area array of rectangular 1D NiO nanorods, and illustrating the rectangular 1D NiO nanorods vertically aligned to the Ta ball-probe on Si surface. It can be also seen that the vertically aligned 1D NiO nanorods are on average ,700 nm (;l NR ) long.
Discussion
The graph in Fig. 3(a) shows two room temperature I-V curves for the metal-semiconductor Ta/p-Si and Ta/NiO-NRs/p-Si junctions. These two I-V curves are symmetrical, non-rectifying, and linear in the small voltage range, implying that the Ta/p-Si and Ta/NiO-NRs/ p-Si junctions have ohmic-contact characteristics. In Fig. 3(b) , it can be seen that both I-V curves are almost liner between 20.4 to 0.4 V. As known, the work functions Q Ta , Q NiO , and Q Si of Ta, NiO, and Si are 4.21 36 , 4. 3 4 , and 4.83 37 eV, respectively. Since Q NiO . Q Ta and Q Si . Q Ta , and NiO is a p-type semiconductor 10 , indicates the Ta/p-Si and Ta/NiO-NRs/p-Si junctions possesses the ohmic-contact characteristics. Ohmic contacts constantly offer small resistance for conduction in both directions between a metal-semiconductor. Ideally, when a small voltage is applied, the current (I) passing through the ohmic-contact junctions is a linear function of the small applied voltage. The ohmic resistance is determined to be the reciprocal of the dI/dV at 0 V 38 . The two zero-voltage ohmic resistances of R Ta/Si and R Ta/NR/Si are about 8.0 and 2.0 3 10 8 V, respectively. In comparison with R Ta/NR/Si , R Ta/Si is too small and can be ignored, so the difference in resistance between two ohmic junctions is 2.0 3 10 8 V, as shown below
The typical specific contact resistance R c is small relative to those of the series of Si surfaces and electrodes. However, the specific nanocontact resistance R nc is hundreds or thousands of times larger than the typical specific contact resistance R c 39 , because the contact area (;A c ) of the typical metal-semiconductor junction is two or three orders of magnitude larger than the nanocontact area (;A nc ) of the metal-nanorod junction. The specific nanocontact resistance R nc can be also determined by
where, r c-NiO is the specific nanocontact resistivity and A nc is the nanocontact area between the Ta ball-probe and the nanorods. Similarly, the specific contact resistance R c can be determined by
where, r c-Si is the specific contact resistivity and A c is the contact area between the Ta ball-probe and the p-type Si wafer. From Eq. (5), (6) and (7), we determine an average resistance R NR for one single 1D NiO nanorod,
Obviously, the average single nanorod resistance R NR is strongly dependent on the number m of 1D NiO nanorods connected to the Ta ball-probe. As shown in Fig. 2(c) , the diameter of the contact area A c is estimated to be ,100 mm, so the contact area A c is ,7854 mm 2 . The array shown in Fig. 1(a) contains ,20 nanorods per square micrometer, meaning that the contact area A c contains 157080 (5m) parallel 1D NiO nanorods connected with the Ta ballprobe. The average widthŵ of the 1D NiO nanorods is ,105 nm, so the nanocontact area A nc 5ŵ 2 < 11025 nm 2 < 1.1 3 10 22 mm 2 . In this study, A nc is 6 orders of magnitude larger than A c . Therefore, the average resistance R NR of one single 1D NiO nanorod is
The specific contact resistivity for the metal-semiconductor junction is associated with a doping concentration 40 , and it is calculated by
where, W b is the effective barrier height, m* the effective mass, e the dielectric permittivity, h the Planck constant, and N a the concentration of ionized acceptors in the semiconductor. As indicated in a previous study 41 , the typical specific contact resistivity of the ohmic contacts ranges from 10 28 to 10 26 V.cm 2 , no matter how the chemical compositions differ across the metal-semiconductor junction, and how the doping concentrations vary in the semiconductor. Therefore, according to Eqs. (6) and (7), the values of r c-Si and r c-NiO are supposed to be in the ranges of 10 28 to 10 , the average resistivity r NR of a single NiO nanorod is quite reasonable. Consequently, the design of the metal ball-probe method is a simple but effective method to acquire the average resistance R NR and resistivity r NR of a single 1D metal-oxide nanorod through the metal-semiconductor junctions.
In fact, the IV curves (Fig. S3 , Supplemental Information) were measured by the Ta ball-probe for various 1D metal-oxide nanostructures more than few hundred times at varying experimental conditions. Fig. S3(a) shows six IV curves for six various 1D NiO nanorod samples, and Fig. S3 (b) displays IV curves at varying temperatures, respectively. Obviously, all the obtained IV curves are well smooth and get very little fluctuations, indicating that the IV measurement system is pretty stable, accurate, and reliable. The six IV curves of Fig. S3(a) are very similar to that of Fig. 3(a) , so all average resistances of the 1D NiO nanorods obtained at any experimental run are quite similar to each other. In addition, all the 1D NiO nanorods are very rigid solid, so they are hardly deformed. When the ball-probe comes to contact the 1D NiO ball-probe top-down, varying pressures may occur to push the Ta ball-probe against the 1D NiO nanorods at various IV measurements. We found no much difference in all the IV measurements, implying that the IV measurements are not changed at various pressures on the nanorods. Therefore, the influence of the pressure on the IV measurements is not so significant. However, temperature is an important factor for IV measurements. For example, Fig. S3(b) shows the IV curves obtained at temperatures of 90, 130, 170, 300 K, respectively. These IV-curve results indicate temperature really and strongly affect IV curves much more than pressure.
In conclusion, we synthesized a large-area array of vertical-aligned 1D NiO nanorods with the hot-filament metal oxide-vapor deposition technique. The cubic phase 1D NiO nanorods were on average ,105 nm wide and ,700 nm long, and possessed a bandgap of 3.68 eV. When a Ta ball-probe was used to make contact with the 1D NiO nanorods in the large area array, they acted as plentiful parallel resistors in connection with the Ta ball probe. The ball-probe is rigorous and effective method for acquiring the average resistance and specific resistivity of a single 1D NiO nanorod, which is ,3.1 3 10 13 V and ,4.9 3 10 7 V.cm, respectively. The large difference in conductivity between the low and high voltages indicates the single 1D NiO can be a potential candidate for use in resistance switching.
Methods
Large-area arrays of rectangular 1D NiO nanorods were synthesized by the hotfilament metal-oxide vapor deposition (HFMOVD) technique. Clean nickel (Ni) wires (99.99% pure) with a diameter of 1 mm were passed through a pure graphite disc fixed to two supporting Cu electrodes mounted in a vacuum chamber. Once the pressure of the deposition chamber was pumped down to 2 torr, an argon (99.995%) flow was introduced into the vacuum chamber at 100 standard cubic centimeters per minute (sccm). The Ni wires were heated to ,1200uC for 50 minutes to generate the nickel vapor. As the hot nickel vapor encountered the residual oxygen (or leaking air) it reacted to form the NiO vapor. The NiO vapor met the p-type Si wafer placed on the graphite disc holder (,2 mm above the Ni wire) and then condensed into 1D NiO nanorods. The surface morphology of the as-synthesized large-area 1D NiO nanorod array thus produced was characterized by a field-emission scanning electron microscope (FESEM, JEOL JSM-6500F) equipped with an energy dispersive X-ray spectrometer (EDS, Oxford instrument INCA, X-sight 7557). Structural analysis of single NiO nanorods were carried out using a transmission electron microscope (TEM, JEOL JEM-2100) with a selected-area electron diffractometer (SAED) at an accelerating voltage of 200 kV. The structural analysis of the 1D NiO nanorods was carried out using an X-ray diffractometer (XRD, Regaku D/Max-2500) with Cu Ka radiation (l 5 1.541 Å ). The optical absorption properties of the 1D NiO nanorods were examined by a UV-visible dual beam spectrophotometer (Hitachi, U3010). A tantalum (Ta) ball-probe of radius ,0.75 mm (;L) was used as an electrode for the current-voltage (I-V) measurements. The room-temperature I-V measurements of the large-area 1D NiO nanorod arrays were performed in a vacuum chamber at a pressure of ,2 3 10 27 torr using a Keithley 2410 electrometer.
